Background--The erythrocyte membrane content of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which constitutes the omega-3 index (O3I), predicts cardiovascular disease mortality. The amount of EPA+DHA needed to achieve a target O3I is poorly defined, as are the determinants of the O3I response to a change in EPA+DHA intake. The objective of this study was to develop a predictive model of the O3I response to EPA+DHA supplementation in healthy adults, specifically identifying factors that determine the response.
T he marine-derived omega-3 (n-3) fatty acids (FAs) eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are recommended for reducing the risk of cardiovascular disease (CVD), especially sudden cardiac death. [1] [2] [3] [4] However, a dietary reference intake for EPA+DHA has not been established. 5 Use of biomarker-based approaches has made it possible to study the association of different blood or tissues levels of EPA+DHA on important health benefits or outcomes, such as risk of CVD events. The omega-3 index (O3I), which is the sum of EPA+DHA content in red blood cell (RBC) membranes, is a biomarker of n-3 FA status 6, 7 that is highly correlated with myocardial EPA+DHA content. 8, 9 An O3I of ≥8% has been recommended as a cardioprotective level 7 on the basis of associations with reduced risk of primary cardiac arrest, 10 sudden cardiac death, 11 coronary atherosclerosis, 12 and acute coronary syndrome. 13, 14 In studies of Americans not taking n-3 FA supplements, mean O3I values range from 4% to 5%. [15] [16] [17] [18] In 2 larger observational studies of US adults that did not exclude supplement users, O3I values were somewhat higher, averaging 5.3% 19 and 5.6%. 20 Because of limitations in the current evidence, dietary recommendations for achieving a target O3I cannot be made. Observational studies have confirmed that dietary or supplemental intake of EPA+DHA is associated with higher levels of the O3I, 13, 15, 21, 22 and additional factors such as body weight and health status modify this relationship. 13, 15, [20] [21] [22] [23] However, these studies lack precision and accuracy because of use of food frequency questionnaires and other dietary recall methods.
Similarly, results from past supplementation studies had limitations that restrict their usefulness for making O3I-based recommendations. Specifically, trials have been too short in duration, 16, [25] [26] [27] have not examined a range of dietary doses, 16, 25, 28 had too few participants, 16, 28, 29 reported high variability in measurement results, 30 and/or reported higher than expected baseline O3I values. 30 Importantly, no prior supplementation studies analyzed the contribution of demographic and clinical factors to the O3I response to supplemental EPA+DHA. Therefore, the objective of the present study was to model the O3I response to supplemental EPA+DHA intake within attainable dietary ranges and to identify factors that modify this response. We hypothesized that modeling the bodyweight-adjusted dose of EPA+DHA as a predictor would yield a more precise estimation of response to treatment than dose alone and that additional factors would also influence the O3I response to supplementation. This information is important for making EPA+DHA recommendations to achieve a target O3I for CVD risk reduction.
Methods Participants
Healthy, young men and women (20 to 45 years of age) who reported low or no habitual consumption of oily fish (eg, salmon, tuna, and herring; <4 servings per month) and not taking n-3 FA supplements or consuming n-3 FA supplemented foods were recruited. All race and ethnic groups were eligible. Exclusion criteria included serious medical conditions, history of diabetes, or smoking; chronic anti-inflammatory medications; consumption of n-3 FA supplements and n-3 FA-supplemented foods in the past 3 months; pregnant, nursing, or planning a pregnancy; planning to change dietary habits; and body mass index (BMI) <20 or >30 kg/m 2 .
Potential subjects were screened initially via telephone interview to determine if they met the following criteria: age, self-determined health status, weight, fish intake, and willingness to participate in the study and adhere to all aspects of the study protocol. Individuals who met the telephone screening criteria were scheduled for additional screening at the Penn State Clinical Research Center. After written informed consent was obtained, study participants were comprehensively evaluated via an examination that included anthropometric measurements, biochemical assessment for traditional CVD risk factors, complete blood count and standard chemistry panel to rule out the presence of serious illness, medical history, and physical examination. The medical history included questions regarding the participants' self-reported exercise and physical activity habits, which were used to assign participants to 1 of 5 physical activity levels (none, little to no exercise; light, 1 to 3 days/week; moderate, 3 to 5 days/week; heavy, 6 to 7 days/week; very heavy, twice per day). The Harris-Benedict equation was used to estimate individual daily calorie requirements based on body weight, height, age, and reported physical activity. The study protocol was approved by the Institutional Review Board at the Pennsylvania State University and registered on ClinicalTrials.gov (NCT01078909). All procedures followed were in accordance with the ethical standards of the Helsinki Declaration of 1975, revised in 2000.
Intervention
This was a randomized, placebo-controlled, double-blind, parallel-group study. Participants (n=125) were randomized to 1 of 5 doses (0, 300, 600, 900, 1800 mg) of EPA+DHA given daily as fish oil supplements (Nordic Naturals) for 5 months, the approximate time it takes for membrane FA composition to reach a new steady state. 29 A computergenerated randomization scheme was developed in advance.
The randomization scheme was stratified by sex and age and used a balanced block size of 5 to ensure even distribution among treatment groups. Using this randomization scheme, eligible participants were assigned to blinded treatments at the baseline visit by the study coordinator. Treatments were matched to a coded alpha identifier with a sealed envelope containing the code break for treatment; bottles were labeled A, B, C, D, or E by the manufacturer corresponding to different treatments (ie, A=300 mg, B=1800 mg, C=900 mg, D=0 mg, and E=600 mg). All researchers, clinicians, and participants were blinded to treatment assignment. The head nurse of the Clinical Research Center kept the envelope sealed until completion of the study. Investigators were unblinded after analyses of between-group treatment effects were performed. The intervention was designed to provide doses of EPA+DHA that could be achievable by consumption of oily fish. For example, a single serving (100 g) of light canned tuna provides %270 mg of EPA+DHA, whereas the same serving size of wild Atlantic salmon provides %1840 mg of EPA+DHA. 31 All participants were instructed to consume (with food) 6 identical capsules per day containing either placebo or fish oil that collectively delivered the target dose of EPA+DHA in triglyceride form. Analysis of the fish oil capsules verified that they contained 20% EPA (20:5, n-3), 13% DHA (22:6, n-3), 17% palmitic acid (16:0), 14% oleic acid (18:1, n-9), 8% palmitoleic acid (16:1, n-7), 8% myristic acid (14:0), 4% stearic acid (18:0), 4% eicosadienoic acid (20:2, n-6), and small amounts of other fatty acids. The soybean-oil placebo capsules contained 53% linoleic acid (18:2, n-6), 23% oleic acid, 10% palmitic acid, 6% alpha-linolenic acid (18:3, n-3), 4% stearic acid (18:0), and small amounts of other FAs. The total amount of FAs provided per day by the capsules in each regimen is presented in Table 1 .
All participants were instructed to maintain their weight and activity level and their usual (limited) consumption of fatty fish as well as their nonconsumption of off-study fish oil capsules during the course of the study. The participants were supplied with log sheets and contacted monthly to ensure compliance and to discuss any difficulties with taking the capsules. Also, participants reported back to the Clinical Research Center after 8 weeks to return log sheets and remaining containers and to receive new supplies.
Blood Sample Collection
Whole-blood samples were collected by vein puncture in the fasting state (12 hours with nothing but water, 48 hours without alcohol, and 2 hours without vigorous exercise) before and after the intervention. A general chemistry profile was obtained as was a complete blood count using fresh blood samples (Chem 24 panel; Quest Diagnostics). Whole blood was centrifuged at 1500g for 15 minutes at 4°C. Except for end points that required unfrozen specimens, samples were stored at À80°C until they were analyzed.
Serum parameters
Total cholesterol and triglycerides (TGs) were measured by enzymatic analysis (Quest Diagnostics; coefficient of variation [CV] <2% for both). High-density lipoprotein cholesterol (HDL-C) was estimated according to the modified heparin-manganese procedure (CV <2%). 
RBC fatty acid analysis
Red blood cells were isolated from blood samples drawn into heparin-containing tubes. RBC FA composition was analyzed by gas chromatography with flame ionization detection as previously described. 7 Briefly, unwashed packed RBCs were directly methylated with boron trifluoride and hexane at 100°C for 10 minutes. The FA methyl esters thus generated were analyzed using a GC2010 gas chromatograph (Shimadzu Corporation) equipped with an SP2560 fused-silica capillary column (Supelco, Bellefonte, PA). Fatty acids were identified by comparison with a standard mixture of FAs characteristic of RBCs (GLC 727; NuCheck Prep), which also was used to determine individual FA response factors. FA composition was expressed as a percentage of total identified FAs (CV <3.7%).
High and low O3I controls were included in every analytical run.
Statistical Analysis
All statistical analyses were performed using Minitab (version 16.2; Minitab). Differences between treatment groups were tested by analysis of variance using a general linear model. Baseline values were included as a covariate. Tukey-adjusted P values were used for post hoc comparisons among the 5 groups. Adjusted P<0.05 was considered significant. Continuous data are reported as the meanAESEM. For descriptive purposes, categorical data are presented as frequencies and percentages. Fit statistics were assessed for continuous variables to identify any outliers (AE3 SD) and for normality. Nonnormally distributed data are reported as median and interquartile range (IQR). Regression modeling was performed using the Assistant menu-based tool for regression. Univariate regression models were used to determine the effects of each subject characteristic on the O3I. The Best Subsets Regression procedure was used to compare all possible models and identify the best-fitting models. Multivariable regression models were used to determine the effect of dose on O3I in conjunction with other predictors (eg, sex, age, body weight, physical activity, baseline O3I). Interactions terms between treatment and participant characteristics (ie, sex, age, body weight, and physical activity) also were tested to identify interindividual differences in O3I response to treatment. Final models were selected on the basis of optimized fit statistics (smallest Mallow's C p ) and explanatory power (largest adjusted R 2 ).
Graphic representations were generated in Minitab as scatter plots for outcome versus predictor with regression lines. Change scores were calculated as the end-of-treatment value minus baseline value. Residual versus fit plots were examined to ensure homoscedasticity.
Results
The study design and flow of participants are shown in Figure 1 . A total of 495 individuals were screened between September 2011 and March 2012; 125 participants who met the inclusion criteria were randomly assigned to a treatment group. All baseline measurements were completed between October 2011 and April 2012. Nine subjects withdrew from the study between baseline and the final point, which left 116 participants who completed the study. The reasons for withdrawing were: inability to comply with the intervention (5 subjects), no longer interested (2 subjects), moved (1 subject), and no reason given (1 subject). Returned capsule counts and log sheets were used to assess compliance. The final study population was young, healthy, normalweight adults with a low O3I status. Study participants were predominantly white and non-Hispanic. Among study completers, compliance was high (mean, 97%; range, 85% to 100%). One participant with a very high O3I at baseline (ie, 8.3%) was identified as an outlier and excluded from the analysis to ensure the sample was representative of individuals who consumed low n-3 FA, our target study population. Baseline characteristics of the 115 participants are shown in Table 2 .
There were no significant differences between groups at baseline with respect to participant characteristics as well as lipids and lipoproteins, liver enzymes, glucose, and highsensitivity C-reactive protein (Table 2 ). Erythrocyte FA content Data are meanAESEM unless otherwise noted. There were no significant differences between treatment groups for any of these metrics at baseline (group effect P<0.05). DHA indicates docosahexaenoic acid; EPA, eicosapentaenoic acid; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. *Median; interquartile range in parentheses. EPA+DHA values (omega-3 index [O3I]) in the study population at baseline (n=115). Lines at 8% and 4% indicate proposed low-and high-risk horizons, respectively, and the dotted line at 4.3% is the population average. DHA indicates docosahexaenoic acid; EPA, eicosapentaenoic acid.
was similar between groups. The mean O3I at study entry (AESEM) was 4.3AE0.1%, with a range of 2.3% to 6.8% (Figure 2 ). On average, women had a higher O3I than men (P<0.001). Body weight, BMI, blood pressure, and heart rate did not change significantly during the study (not shown).
Serum Parameters
Total cholesterol, LDL-C, HDL-C, TGs, glucose, liver enzymes, high-sensitivity C-reactive protein, and additional measures of health status remained unchanged for all treatment groups (Table 3) .
Erythrocyte Fatty Acids
EPA+DHA supplementation increased the O3I in a dosedependent manner (Table 4 , Figure 3 ). The increase in both EPA and DHA resulted in a significant increase in O3I of 121% (from 4.3% to 9.5%) for the 1800 mg/day dose, 75% for the 900 mg/day dose, 59% for the 600 mg/day dose, and 44% for the 300 mg/day dose (all P<0.0001 versus placebo). This effect was accompanied by a significant decrease in total n-6 FAs (Table 5) . No change in O3I was observed for the placebo group from baseline. Participants taking 300 mg/day achieved a median O3I of 6.1% (IQR, 5.8% to 7.1%); however, no participant assigned to a dose ≤600 mg/day achieved an O3I of 8% (Figure 3 ). Participants taking 900 mg/day achieved a median O3I of 7.6% (IQR, 6.6% to 8.3%), whereas the 1800 mg/day group achieved a median O3I of 9.9% (IQR, 8.9% to 10.5%).
Regression Modeling
Univariate models of O3I response to treatment
Regression modeling was used to assess the relationship between supplemental EPA+DHA intake and O3I. A linear regression model demonstrated that the change in O3I was largely determined by the dose of EPA+DHA administered (R 2 =65.4%, P<0.0001; Table 6 ). However, the Minitab's Assistant tool selected a quadratic fit to model the relationship between treatment dose and change in O3I (R 2 =67.7%, P<0.0001; Figure 4 ). Baseline O3I and percent DHA in RBCs also independently predicted the change in O3I (R 2 =4.9%, P=0.02; R 2 =4.5%, P=0.02, respectively); thus, individuals with a low baseline O3I status experienced a greater percent rise in O3I as a result of the intervention. However, no other measured participant characteristics (ie, race, blood pressure, blood lipid levels, alcohol intake, meal frequency, or compliance) were significant independent predictors of the change in O3I in univariate models. The dose of EPA+DHA adjusted per unit body weight (g/ kg) also was a strong univariate predictor of change in O3I (R 2 =69.8%, P<0.0001; Figure 5 ). Increasing the dose of EPA+DHA per unit body weight (grams of EPA+DHA per kilogram body weight) resulted in a greater O3I response; individuals with lower body weight and on higher doses experienced the greatest increase in O3I. 
Multivariable models predicting the change in the O3I
Various statistical models with increasing complexity were identified to model changes in the O3I. Adding baseline O3I as a predictor to the body-weight-adjusted model further explained the variability in O3I response (R 2 =75.4%, P<0.0001; Table 6 ). Additional factors, including age, sex, and physical activity, also predicted change in the O3I (R 2 =77.9%, P<0.0001; Table 6 ). Lower O3I status (P<0.0001) and older age (P=0.02) each predicted greater increases in O3I. The level of physical activity interacted with the effect of dose per unit of body weight on the O3I response; increased physical activity level predicted greater increases in O3I when included in the model of dose per body weight (P=0.01). Female sex tended to predict greater increases in O3I, although this was not statistically significant (P=0.08). Including these factors in the model, relative to the univariate model of dose per unit body weight, explained an additional 8.1% of the variability in O3I response.
Discussion
The present study modeled the effect of EPA+DHA supplementation and participant characteristics on the O3I response. We found that variations in dose explained 68% of the variability in the response; including body weight, baseline O3I, age, physical activity, and sex in the model explained an additional 10% of the variability in response (Table 6 ). It is estimated that Americans consume <100 mg/day of EPA+DHA, 33 well below the current recommendations of 250 to 500 mg/day for healthy adults. [1] [2] [3] [4] In the present study, participants had an average baseline O3I of 4.3%, which is consistent with previous studies of adults reporting low habitual fish intake. 19, 25 Our results suggest that a healthy, normal-weight adult with low fish intake who increased his or her dietary intake by 250 to 500 mg/day of EPA+DHA would experience an increase in O3I values of about 1% to 2% (from 5.3% to 6.3%). Thus, our results demonstrate that increasing consumption of EPA+DHA to current recommended dietary intakes in people who consume very little (if any) oily fish would result in increased O3I levels associated with reduced acute coronary syndrome 13 and CVD mortality. 10, 11 Additional EPA+DHA intake beyond current recommendations is needed to achieve the higher target O3I values associated with the greatest reduction in CVD risk. 10, 11, 13 From our findings, we estimate that an average healthy adult with a low O3I (ie, 4.3%) would require at least 1 g/day of EPA+DHA for 5 months to achieve an O3I of 8% (Table 6 ). This dose has been shown to reduce all-cause mortality, cardiac death, and sudden death in post-myocardial infarction patients 34 and approximates the average intake in Japan, where CHD death rates are reduced relative to the rate in the United States. 35 Equations developed using data in our study also could be used to estimate EPA+DHA intake in research studies with greater accuracy and sensitivity than questionnaire-based dietary assessment methods.
The response to supplementation that we observed for the highest dose agrees with prior studies that administered EPA+DHA for up to 12 months. 16, 29, 30 On average, O3I
increased from 4.3% to 9.5% (increase of 5.2% from baseline) with 1. a supplement that was almost completely EPA, which may explain the lower O3I response, considering turnover of DHA in RBC membranes is slower than that of EPA. 29, 36, 37 We used EPA+DHA supplements containing the same ratio of EPA to DHA contained in most over-the-counter fish oil supplements. 38 von Schacky et al 12 also used this ratio in a randomized, controlled trial of coronary heart disease patients consuming 3 g/day of EPA+DHA (62% EPA, 38% DHA) for 3 months followed by 1.5 g/day for 21 months. Patients in the fish oil group increased the O3I by 5.5 percentage points (from 3.4% to 8.9%), had less progression and more regression of coronary artery disease as measured by changes on coronary angiography compared with the placebo group.
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Further research is needed to differentiate the specific effects of EPA and DHA on cardiovascular health before dietary recommendations can be made for EPA and DHA individually (or their ratio). 39 Body weight explained additional variability in O3I response to EPA+DHA supplementation. Individuals with lower (versus higher) body weight tended to have a greater response to a given EPA+DHA intake. This suggests that EPA+DHA recommendations to achieve a target O3I may be most appropriately made on the basis of body weight, similar to current dietary protein requirements. 40 Using the bodyweight-adjusted values (Table 6 , Figure 5 ), it can be estimated that an individual weighing 75 kg would require about 1.2 g/day of EPA+DHA to increase his or her O3I from 4.3% to 8%; however, the requirement would only be 0.9 g/day if the same individual weighed 55 kg, or in contrast, 1.5 g/day for an individual weighing 95 kg, a range representing 3 to 5 typical fish oil capsules per day. Thus, accounting for individual differences in body weight could potentially improve precision for EPA+DHA recommendations. Individuals with a higher baseline O3I experienced a lower O3I response to treatment. This finding is consistent with previous evidence demonstrating that individuals with higher EPA+DHA levels incorporate additional EPA+DHA at a slower rate than those with lower baseline levels. 16, 27 We also found that the incorporation of EPA+DHA into RBC membranes increased in a dose-dependent and potentially saturable manner (Figure 4 ), suggesting that RBC membrane EPA+DHA concentrations are regulated to some degree and at some point reach a point of saturation. Our multivariable model, which included body-weightadjusted dose, baseline O3I, age, sex, and physical activity, accounted for more than three fourths of the variability in O3I response to supplementation (Table 6 ). Because smoking status has been shown previously to be inversely associated with O3I, 21, 22, 41 we excluded smokers from our study and therefore were unable to assess the effect of smoking on O3I response. Age was a predictor of the change in O3I in the multivariable model. Older individuals experienced a greater increase in their O3I as a result of the intervention, although the effect size was small, and individuals in our study were relatively young overall (aged 20 to 45 years). Nonetheless, aging may cause alterations in n-3 FA metabolism. Vandel et al 42 reported that elderly adults (average age, 74 years old)
given 1 g/day of EPA+DHA for 3 weeks experienced 42% higher DHA incorporation into plasma lipids than young adults (average age, 24 years old); EPA incorporation was similar for both groups. Reasons for these age-related differences in n-3 FA metabolism are not well understood, although the emerging link between low DHA status and cognitive decline in the elderly has prompted the conduction of clinical trials to examine the role of n-3 FAs in older populations. 43 Epidemiological studies frequently have reported an association between age and O3I 13, 15, 19, 20, 22, [44] [45] [46] ; however, more research is needed to understand the mechanisms as well as the relevance of age-related differences in response to EPA+DHA supplementation. We also found that women on average had a higher O3I than men at study entry, with a strong trend for sex (P<0.10) to be a predictor of O3I responses in the multivariable model. The relationship between sex and O3I has been reported previously, although it is inconsistent and not well understood. 13, [20] [21] [22] 45, 46 Body weight might be responsible, in part, for the variability in sex, because women tend to weigh less than men; however, this factor was accounted for in the model by adjusting the dose per unit body weight. We were surprised to find that a physical activity and treatment interaction significantly predicted O3I response to treatment. Participants who were more physically active tended to experience greater increases in O3I as dose increased. This suggests that exercise may enhance incorporation of EPA+DHA in RBC membranes in individuals taking fish oil supplements, although a mechanism to explain this relationship is not immediately obvious. Such a hypothesis could readily be tested in a prospective trial.
The TG-lowering effects of supplemental n-3 FAs also have been well demonstrated, particularly in individuals with elevated TGs, 47 and an inverse relationship between O3I
and serum TGs has been previously reported. 13 However, no changes in serum TG, LDL-C, or HDL-C concentrations were observed in the present study. The lack of TG-lowering effect was not unexpected because we enrolled a normotriglyceridemic population and the highest dose was still <2 g/day of EPA+DHA. 48 
Strengths and Limitations
Among the strengths of this study were the placebocontrolled, double-blind study design that compared 5 doses of EPA+DHA, a relatively large sample size, a low dropout rate (7%), an adequate duration of supplementation (%5 months), and the use of validated analytical methods to determine biomarker response to treatment. Moreover, our statistical approach involved unbiased selection procedures to identify variables for optimized modeling of O3I responses to EPA+DHA supplementation. Limitations include the predominantly white, young, healthy population studied as well as the lack of background dietary and other demographic/behavioral/physiologic/genetic data that might have allowed us to predict with greater power the changes in the O3I. A recent Framingham cross-sectional analysis found that pedigree (ie, ancestry) explained 24% of the variability in O3I, 20 whereas dietary EPA+DHA intake and fish oil supplement use explained 40% of the variability (dose or duration of supplement use was not considered). We did not examine genetic differences in the present study; our study was not designed to identify genetic predictors of the O3I response to supplementation. Nonetheless, genome-wide association studies in large populations given a fixed dose of EPA+DHA may help to identify genetic loci responsible for additional variability in the O3I response. 20, 49 The lack of information on levels of EPA+DHA in participants' background diets, as well as other nutrients in the habitual diet, could have affected the O3I response to supplemental EPA+DHA via effects on metabolism as well as uptake into cell membranes through effects on enzymatic and nonenzymatic oxidation. 50, 51 For example, variations in choline intake can affect the rise in RBC n-3 FA levels with supplementation. 52 Therefore, obtaining dietary data prior to and during the intervention could be useful for future research. Body composition data also would be worthwhile to collect. Adipose tissue serves as a storage site for FAs in the form of TGs; therefore, additional research is needed to determine how the amount and location of body fat (ie, subcutaneous versus visceral adiposity) may affect the O3I response to EPA+DHA intake.
Conclusions
Marine-derived n-3 FA supplementation explained two thirds of the variability in response to RBC EPA+DHA content, and several factors beyond dose (ie, body weight, baseline O3I, age, physical activity, and sex) addeed more precision to the predictive model. These results can be used to estimate an individual's required supplemental intake for achieving a target O3I to make biomarker-based dietary recommendations for EPA+DHA and, conversely, to estimate dietary intake based on levels of O3I (with or without including additional predictive factors identified herein). However, future studies are needed to assess how EPA and DHA individually or in different ratios affect O3I responses. Additional research also is needed to evaluate whether background diet and nutrients beyond EPA+DHA affect biomarker responses. Finally, research is needed to clarify the association between changes in the O3I and different disease states and health outcomes.
In conclusion, our study has provided models that quantitatively demonstrate the relationship between dietary supplemental doses of EPA+DHA and biomarker responses, providing a useful tool for future research studies of marine n-3 FAs that, in aggregate, can inform evidence-based dietary recommendations.
